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Electrical Impedance Tomography Monitoring of Salt
Transportation in Cellulose Hydrogel for Solar-Driven
Evaporative Desalination via Laser Defined Wettability

Yang Xu, Haosong Zhong, Xupeng Lu, Miao Tang, Siyu Chen, Cuiyun Yang, Yi Chen,

Minseong Kim, Yang Liu, and Mitch Guijun Li*

The scarcity of clean water has become a growing problem worldwide.
Solar-driven desalination based on evaporation has become a promising
green technology for obtaining drinking water from saline water for the
welfare of human society. However, the accumulation of salt precipitated from
the saline at the evaporator surface remains a severe problem in improving
evaporation efficiency. To overcome this problem, it is crucial to investigate
the transportation mechanism of salt in the saline during the evaporation
process. Herein, an in situ monitoring strategy with the electrical impedance
tomography (EIT) method is proposed to characterize the salt transportation
and accumulation process inside the nano-crystal cellulose (NCC)-MnO,
nanoparticle solar evaporator. The coating of laser-induced graphene (LIG)
with tunable water wettability shows that the hydrophobic structures can
suppress salt accumulation during evaporation. The collected condensation

fresh water from unusable sources like
seawater, wastewater, or even the atmo-
sphere. Commonly used water genera-
tion technologies include membrane-based
and evaporation-based water generation, as
well as adsorption-based atmospheric wa-
ter capture. Membrane-based water desali-
nation technology like osmosis usually re-
quires professional and expensive devices,
high power consumption, frequent main-
tenance, and pre-treatment of the water
source,?l making it difficult to promote
for developing countries and areas. At-
mospherical water harvesting (AWH) con-
sumes nearly zero power, and the ingre-
dients are usually cheap, but the through-

water generated from the bacteria-polluted saline proves to be clean. It is
hoped that this work can further inspire research on the salt-resistive

evaporator design.

1. Introduction

Clean and fresh water, which is essential to human living and
industrial prosperity, has become a more and more precious
resource due to the growing shortage across the world.[!l De-
spite the vast amount of total water reserves, freshwater takes
a tiny portion of it, while most of the water cannot be uti-
lized directly. There have been various methods to generate

put is limited.?] Evaporation-based water
desalination technologies enjoy the bene-
fits of cost-effective devices and compara-
tively high clean water throughput, which
includes active and passive water vapor gen-
eration. However, the active water vapor
generation method, like heating, still costs a large amount of en-
ergy. Atthe same time, solar light is a free and clean energy source
that can be exploited for evaporation.

Solar light has a mean power density of 1000 W m~2 at the sea
level of Earth after passing through the atmosphere.[*] The solar
irradiance spectrum delivered to Earth after passing through the
atmosphere remains mostly within the 0.25 ym to 2.5 ym range
due to the absorption of various molecules, including carbon
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dioxide, water, and ozone. However, the water does not absorb
heavily within this solar irradiance spectrum range.l’! The en-
ergy from the sun can travel for some distance and reach deep
into the bulky water. The heat generated from the solar light
eventually gets dissipated in such bulky water, making the evap-
oration of water insignificant. Therefore, it is necessary to en-
hance the absorption of solar light and the interfacial evapora-
tion of the water to improve the photothermally-induced water
vapor generation.l®] Researchers analyzed the different condi-
tions of water evaporation from bottom or bulky heating to in-
terfacial heating with planar and three-dimensional configura-
tions to further push forward the evaporation efficiency.l’”! The
improved interfaces between the top and bulky water as well as
between wet water and dry evaporator will both promote evap-
oration, such as some capillary surface on metals or porous
absorbers.®] Many researchers have paid attention to improv-
ing interfacial water evaporation efficiency by introducing broad-
band spectrum absorbers,[>1%) engineering micro-structures and
nano-structures,[''13] and improving water transportation chan-
nel efficiency!'*1% or heat transportation pathway.('” 8] However,
a key problem lies on the road to the massive application of solar-
driven desalination, which is the accumulation of crystalline salt
after water is evaporated from the saline water.['l Researchers
pointed out that the microstructures of the evaporator are vulner-
able to being blocked or covered by the salt crystals formed during
the evaporation which reduces the evaporation efficiency.[?’! Var-
ious methods have been proposed to fight against the accumu-
lation of salt by porous structures, hydrophobic materials, and
mechanical responses.!!24l Some novel evaporators show good
anti-salt performances using multiple strategies by the highly ab-
sorptive porous materials and the self-rolling sphere structure
to remove the salt instantly.?>] On the other hand, the precipi-
tated salt can be useful for the collection of certain elements like
lithium from the waste brine water.?-28] Therefore, it is neces-
sary to investigate more on the salt transportation in the pho-
tothermal evaporator. However, the understanding of the trans-
portation mechanism of salt and saline water within the solar
evaporation process is lacking. It would help us design better salt-
resistive materials and structures if we could further investigate
the transportation process.

Hydrogel has been used in water transport, storage, and cap-
ture due to its microstructures and hydrophilic properties.[2%3l
Hydrogel formed with either physically or chemically cross-
linked molecular networks like sodium alginate, poly(acrylic
acid), and nano-cellulose can bond with water molecules and
form a transport channel that boosts the adsorption and move-
ment of water.31-33] Many researchers proposed the applications
of hydrogel in solar-driven water evaporation because of their
good performance in water transportation.3*¢I Nano-crystal cel-
lulose (NCC) manufactured from wood can be used as an excel-
lent green precursor for cellulose-based hydrogel/aerogel with-
out involving redundant chemical wastes.

Electrical impedance tomography (EIT) has been used in the
non-invasive detection of fluids, like multi-phase flow or biomed-
ical inspections.l*”] The peripheral electrodes forming a closed
circular loop can stimulate weak electrical currents and measure
the induced voltage signals sequentially. The electrical conductiv-
ity of the inner area within the electrode array can be, therefore,
reconstructed with specific algorithms. The EIT measuring is
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sensitive to changes in conductivity, either in spatial distribution
or concentration. Therefore, it can achieve real-time sensing and
tomographic imaging of the target area without leading to any
damage, allowing it to become an excellent tool for detecting deli-
cate or biological samples.*] EIT technology has been widely uti-
lized in areas such as clinic diagnosis, human-machine interac-
tion, and industrial process monitoring.***! Some researchers
reported the successful EIT monitoring of the water adsorp-
tion process of the atmospheric water harvesting process.[*>#3]
However, there is still a scarcity of research concerning real-
time monitoring of salt transportation in solar evaporation using
EIT technology.

Herein, we propose a cellulose-hydrogel evaporation de-
vice with a tunable superhydrophilic/superhydrophobic
solar absorber by mixing MnO, nanoparticles with the
NCC hydrogel together with the deposition of superhy-
drophilic/superhydrophobic laser-induced graphene (LIG)
nanoparticle layer to achieve the in situ monitoring of the salt
transportation with the help of EIT, as shown in Figure 1. The
monitored salt concentration shows a directional movement
towards the superhydrophilic area of the evaporator due to the
evaporation-driven water flow. The bacteria incubation tests
show absolutely no bacteria contamination detected in the
collected condensed water after evaporation from the simulated
polluted saline.

2. Results and Discussion

2.1. Fabrication and Characterization

The nano-crystal cellulose obtained from the physical breakdown
and chemical hydrolysis process of the natural wood forms a
15 wt% suspension in water. The NCC suspension acts as a suit-
able substrate for loading functional light-absorbing materials
like metal oxide nanoparticles (NPs) or carbonic materials such
as laser-induced graphene or carbon black (CB).[*#*3] The NCC is
dispersed in the water in a non-homogeneous state as it tends to
form a cross-linked network spontaneously. In order to make it
possible for the functional materials to be loaded into the molec-
ular skeleton more efficiently, ultrasound sonication is needed
to break the cross-linked networks. After the sonication, MnO,
powder is added, and the second round of sonication is applied
to mix the MnO, nanoparticles with the NCC hydrogel to achieve
a uniformly dispersed NCC-MnO, suspension.

The as-prepared NCC-MnO, suspension is dark and capable of
absorbing solar irradiation. However, the excess water remaining
inside the suspension not only weakens the bonding between the
NCC and MnO, NPs but also hinders the energy-absorbing pro-
cess as the relatively thick and bulky water membrane absorbs the
solar light before it can reach the bottom interfacial photother-
mal materials. Therefore, we use the freeze-drying method to re-
move obsolete water in the NCC-MnO, mixture to create a dry
and porous cellulose aerogel. We freeze the mixture in the freezer
at —18 °C for 2h until it is fully frozen. After that, we put the
frozen solid mixture into the vacuum freeze-drying machine for
24 h to get the NCC-MnO, aerogel. It is worth noting that since
the NCC-MnO, has a strong light absorption, we can reduce the
usage of MnO, by depositing one thin layer of the NCC-MnO,
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Figure 1. The illustration of the solar-driven evaporation device with EIT monitoring of the salt water transportation within the NCC-MnO,-LIG absorber
and the data collection and transmitting scheme enabled by the home-designed printed circuit board devices.

onto the pristine NCC suspension before we send the composite
for freeze-drying, as shown in Figure 2a.

After freeze-drying, the porous NCC-MnO, aerogel is cut and
loaded into the 3D-printed evaporation container with a thin
water transportation channel made of a piece of blotting paper
that can easily absorb water. Then, the evaporator is inserted
into a deionized (DI) or saline water container so that the bot-
tom water transportation channel can get in touch with the wa-
ter. The device is kept for 15min to let the dry NCC-MnO,-
LIG aerogel absorb water by the capillary effect until the sur-
face is wet before we deposit laser-induced graphene (LIG) on
the top surface of the NCC-MnO, evaporator with a 1064 nm
fiber laser. After the LIG deposition, the completed NCC-MnO,-
LIG evaporator is put under the simulated solar lamp for
evaporation.

The NCC-MnO, aerogel is characterized by the scanning
electron microscope (SEM) to investigate the morphology,
and ultraviolet-visible—near infrared (UV-vis—NIR) and Fourier-
transform infrared (FTIR) spectroscopy are employed for the
optical absorbing performances. The SEM image of the MnO,
nanoparticle, as shown in Figure S1 (Supporting Information), il-
lustrates that the MnO, nanoparticles have a typical size smaller
than 1pm, indicating it can help improve the porous structure
of the cellulose hydrogel to be mixed with.[*’] It can be veri-
fied that introducing the MnO, nanoparticles indeed helps in-
crease the porosity of the pristine cellulose. The comparison of
the surfaces of the pristine cellulose and MnO, doped cellu-
lose illustrates that MnO, nanoparticles introduce a rough and
porous structure into the pristine cellulose substrate, which is
relatively smooth, as shown in Figure 2b,c, respectively. The im-
proved porosity not only increases the surface-to-volume ratio
of the NCC-MnO, nano-composite that allows better adsorp-
tion and transportation of water inside the hydrogel but also en-
hances the light trapping effect due to the scattering and diffused
reflection inside these nanopores. This will help enhance the
overall light absorption performance and the water evaporation
efficiency.[*’]

The UV-vis-NIR spectrum shows the different absorption be-
haviors of the loaded MnO, and LIG solar absorbers, as shown
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in Figure S2 (Supporting Information). While the MnO,-loaded
NCC aerogel tends to have higher absorption at visible and
short-wavelength portion of the solar spectrum, the LIG covers
more on the longer wavelength, so these two materials com-
pensate each other when integrated together to have a full-
spectrum solar absorber for higher absorbing efficiency. For
the IR light within the 2.5pm to 25pum range, these two ma-
terials have a significant enhancement of the absorption abil-
ity compared to the pristine cellulose substrate, as shown in
Figure S3. Therefore, the composite NCC-MnO,-LIG materials
work together to form an excellent solar light absorber and water
evaporator.

The directly laser-transferred LIG is superhydrophobic due to
the oxygen-lacking atmosphere when the transferred LIG is in-
duced from the bottom side of the polyimide film. Researchers
reported the successful modification of the hydrophilicity of LIG
under different gas environments at the generation stage.!*
Therefore, a laser post-scribing on the directly transferred LIG
can also change the surface structures and the hydrophilicity of
the LIG since the LIG is exposed to air, and the impact of the
laser pulses can deform the morphology to some extent. The SEM
images of the freshly transferred LIG and the laser post-scribed
LIG reflect that the freshly prepared LIG tends to have larger
pores and sparse pore distribution. In contrast, the LIG after laser
post-scribing delivers denser but smaller pore sizes, indicating
that the surface morphology has been successfully modified by
the laser post-scribing process, as shown in Figure 2d,e, respec-
tively. Therefore, the water wettability of these two types of LIG is
different.

The hydrophilicity of the LIG used for the evaporator is inves-
tigated by the contact angle measurement. The pristine cellulose
itself is superhydrophilic with a contact angle of nearly 0° that
can hardly be acquired from the contact angle measurement, as
shown in Figure S4a (Supporting Information). However, the di-
rectly laser-transferred LIG deposited without post-scribing is su-
perhydrophobic with a contact angle of 151.8°. In contrast, the
LIG with post-scribing is superhydrophilic with a contact angle
of around 7.1°, as shown in Figure S4b,c (Supporting Informa-
tion), respectively.
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Figure 2. a) The illustration of the synthesis and fabrication of the three-layer composite NCC-MnO,-LIG hydrogel evaporator with laser transferring
and laser post-scribing. The SEM images of the b) pristine cellulose with a smooth surface and c) cellulose-MnO, composite with a rough and porous
surface. The SEM images of the d) freshly transferred LIG with sparse and large pores and e) LIG after laser post-scribing with dense and small pores.

Scale bars in (b) and (c) are 10 pm. Scale bars in (d) and (e) are 100 pm.

2.2. Electrical Impedance Tomography (EIT) Monitoring of Salt
Transportation

The electrical impedance tomography technique is employed to
monitor the saline water transportation inside the hydrogel evap-
orator network during the solar evaporation process. We build
a 32-electrode EIT measurement device with a home-designed
printed circuit board (PCB) to collect and analyze the data with
home-developed programs. The EIT electrodes are made of stain-
less steel which are highly resistant to the corrosion of the
seawater.*] The EIT PCB can transmit the data to the com-
puter via Bluetooth so that it will not interfere with the evapo-
ration system and avoid any fluctuations caused by mechanical
disturbance.

2.2.1. Verification of EIT Detection for Saline Distribution

A few tests were conducted to verify the feasibility and sens-
ing performances of the EIT detection for the saline water be-
fore the application to evaporation. First, it is confirmed that
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the EIT detection device can successfully distinguish between
saline and fresh water and accurately reveal the position of the
saline drops when dropped into the DI water as the background
medium. As shown in Figure 3a,b, the EIT electrodes are in-
serted in a container with DI water. Three drops of 3.5 wt% NaCl
solution with 20 uL volume are dropped into the EIT detection
container sequentially. The EIT sensing device immediately re-
flects the accurate positions of the three saline drops in the cor-
rect order of being added into the DI water, as shown in the in-
creasing number of marked circles in Figure 3(c1-c3). In these
EIT detection images, cool colors like blue mean higher elec-
trical conductivity, while warm colors like red mean lower elec-
trical conductivity. Since DI water barely contains ions, most
of the region is green, while only three spots corresponding
to the location where the saline drops are added are in deep
blue. This proves that the EIT detection is capable of telling
apart the saline water from the low-conductive background DI
water.

A further investigation was carried out for the EIT detection
sensitivity at different saline concentrations and the detection
lower bound. Three drops of saline water (3.5 wt% NaCl solution)

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

‘€2 'SZ0T '820€9T9T

sdny wouy

SUONIPUOD PUe SR L 38U} 885 *[5202/0T/60] Uo ArigITaUIUO AB|IM ‘WOH ON NH ALISHIAINN DINHOTLATOd ONOM ONOH AQ 250527202 WiPe/z00T OT/I0pAL0d Ao A

oA

85UB91 7 SUOWIWOD dAIERID 3|qedt|dde ay Ag pausenob aie saiLe YO ‘8sn Jo sani Joj Axiqiauljuo 4|1 Uo (Suonipucd-pue


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

'ANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

A JL'-JL -;J

conductivity (o)

Figure 3. The a) illustration and b) photo of the NaCl saline dropped into the EIT detecting device with a home-designed PCB. c) The EIT detection
images for the three added saline drops in consequence. d) The EIT detection images for the diffusion of the added saline drops at a time interval of

20's. Scale bar in (b) is Tem.

are added in the order of concentration of 0.5 wt%, 1wt%, and
2 wt% into the pristine cellulose hydrogel, as shown in Figure S5a
(Supporting Information). The EIT-detected images were taken
starting from the zero-concentration status in the order of adding
the saline drops. From Figure S5b (Supporting Information), we
can observe that the EIT images report a clear signal of the ex-
istence of saline drops when the 1wt% saline is added. How-
ever, there are no obvious signal differences between the back-
ground and the 0.5 wt% saline drops. Therefore, we believe this
EIT sensing device can detect the lower bound of 1wt% saline
concentration.

The above two tests were conducted at static and transient
states, which means that the EIT images were taken immediately
after the saline drop was added, and the changes over time were
not recorded. It is also crucial to confirm the ability of the EIT
detection in a continuous detection duration because it is a more
common and necessary case for the long-time solar-driven wa-
ter evaporation process. Therefore, we added the 3.5 wt% NaCl

Adv. Funct. Mater. 2025, 35, 2425052 2425052 (5 0f9)

drops onto thin cellulose hydrogel and let the EIT detection de-
vice continuously record the EIT signals. The EIT signals are
taken at an interval of 1 min. In the beginning period, we can
observe clear boundaries of the deep blue spots representing the
dropped NaCl solution. The distances between EIT signal spots
are also far as the drops are added separately for better distin-
guishment, as shown in Figure 3d1. However, as time goes on,
the previously clear boundaries start to become blur and the area
of the blue spots are expanding, as shown in Figure 3d2. Eventu-
ally, the boundaries between the EIT signal spot gradually vanish
so that some spots are even connected with neighboring spots,
as shown in Figure 3d3. We attribute this phenomenon to the
diffusion of the saline water in the relatively thin cellulose hydro-
gel so that the salt ions can be transported together with water
flow and be able to pass through the cellulose hydrogel molecu-
lar network. This result proves that the EIT electrodes can indeed
detect salt transportation without the interference of the water
flow. It also reminds us to adjust the water concentration of the

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

SUONIPUOD PUe SR L 8Y} 885 *[520Z/0T/60] U0 AriqITauIUO /B |IM ‘IWOH ON NH ALISHIAINN DINHOTLATOd ONOM ONOH AQ 250527202 WiPe/z00T OT/I0p/LLI0d A8 | M Aeiq1fou U peoureApe//Sdiy WOy papeojumoq ‘€2 ‘5202 ‘820£9TIT

102" A3 Im A

85UB91 7 SUOWIWOD dAIERID 3|qedt|dde ay Ag pausenob aie saiLe YO ‘8sn Jo sani Joj Axiqiauljuo 4|1 Uo (Suonipucd-pue


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

((ajf (b) = —

in 1 L 40 min ‘
conductivity (o)

Figure 4. a) The photo of the laser-transferred superhydrophobic LIG and
laser post-scribed superhydrophilic LIG. b) The photo of the superhy-
drophilic LIG window with salt crystals observed after 8 h of evaporation
under light illumination. c) The EIT images of the completed NCC-MnO,-
LIG evaporator under simulated solar light recorded at 1min, 5min,
10 min, 15 min, 20 min, and 40 min. Scale bars in (a) and (b) are Tcm.

cellulose-MnO, hydrogel to a suitable condition for solar-driven
evaporation when the EIT monitoring is in detection.

2.2.2. EIT-Guided Optimization for Evaporator Design

A solar-drive evaporation test lasting for 8 h further proves the
accuracy of the EIT detection and its ability to tell small amounts
of saline concentration changes before any actual precipitation of
solid salt crystal. We deposit the LIG onto the top surface of the
NCC-MnO, hydrogel to form the superhydrophobic LIG major-
ity. Then, we select a small window area in a rectangular shape
and perform the laser post-scribing to turn the superhydropho-
bic LIG into superhydrophilic LIG, as shown in Figure 2a. After
the stabilization process, when the aerogel absorbs water via the
capillary effect, the successful reverse of the hydrophilicity of the
LIG coating can be confirmed by the water-wetting status on the
surface, where only the superhydrophilic LIG window is wetted
by the water transported by the cellulose network from the bot-
tom saline water reservoir, as shown in Figure 4a.

The evaporation apparatus with this superhydrophilic LIG
window is kept under the simulated solar lamp for 8 consecu-
tive hours with the EIT signals recorded during the first 1h. As
shown in Figure 4b, it is observed that only the superhydrophilic
LIG window area caused the accumulation of salt crystal after 8h
of solar light illumination. In contrast, the other area is still clean
and free of salt crystals. It indicates that the superhydrophilic area
provides a suitable transportation channel for salt water so that it
can be transported to the surface, and the water is rapidly evapo-
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rated, leaving the salt to be concentrated and finally turned into
salt crystals. At the same time, the superhydrophobic LIG can in-
hibit the formation of salt crystals.

The EIT images help to verify the above hypothesis with the
observation of the high conductivity area, which corresponds to
the high concentration saline flow, as shown in Figure 4c, which
is recorded in different time points in the first 1 h. The EIT elec-
trodes send the probing current signals to the cellulose hydrogel
and receive the voltage signals. The LIG coating with high resis-
tance due to its loose connection and porous structures has little
contribution to the EIT signals. We can verify it from the time
evolution of the electrical conductivity distribution in the EIT im-
ages. At the very beginning of solar evaporation, the EIT signal
shows an increased conductivity spot at the superhydrophilic LIG
evaporation window area. As the evaporation time goes on, more
and more salt is transported toward the superhydrophilic LIG
window. Thus, the conductivity from the EIT images is getting
higher and higher, as marked by the area of the red frame boxes
in Figure 4c. It can also be determined that the saline results in a
concentration gradient that peaks at the evaporation window and
gradually decreases away from the window, which can concluded
from the EIT images at the 15th and the 20th minute. At the end
of the first hour, the EIT image shows that the saline concentra-
tion at the evaporation site is sufficiently high so that other areas
show a relatively flat concentration profile. These EIT signals re-
veal the underlying salt transportation process. The saline is grad-
ually transported to the superhydrophilic LIG area very quickly
after the solar light illumination is on before the crystallization
of solid salt builds up so intensely that it can be seen. It enlight-
ens us that the salinity can be guided by the engineering of the
hydrophilicity of the evaporator interface due to the evaporation-
induced matter flow.

As a final result, we proposed to apply an indented pattern
of superhydrophilic/superhydrophobic LIG surface coating as
the optimized photothermal layer as the previous results show
that the water can be evaporated via the superhydrophilic area
while the superhydrophobic area helps inhibit the accumulation
of salt crystals. The indented pattern is shown in Figure S6a
(Supporting Information) in which the black area is for the
laser induction of superhydrophobic LIG while the grey area is
for the laser post-scribing of superhydrophilic LIG, as shown
in Figure S6b (Supporting Information). The evaporation rates
of such indented wettability evaporators are recorded by the
mass loss under the solar simulator, as shown in Figure S6c
(Supporting Information). The evaporation efficiency for the in-
dented evaporator is 1.51 kgm=2h~!, with the background value
of 0.53kgm=h~! for open water condition. What is more, we
found the evaporation rates for evaporators with different num-
bers of blotting paper as the water transportation channels are
not highly sensitive to the numbers of water transportation
channels, indicating that one piece of blotting paper can pro-
vide sufficient water supply, as shown in Figure S7 (Supporting
Information).

2.3. Bacteria Test of the Condensed Clean Water

A bacteria cultivation test is conducted with raw seawater and the
collected clean water collected by condensation from evaporation
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Figure 5. The a) illustration and the b) side view and c) front view of the
device to collect the condensed water from the solar-driven evaporator.
The bacterial colony of d) the Escherichia coli-polluted seawater and e) the
corresponding condensed water, and f) the Staphylococcus aureus-polluted
seawater and g) the corresponding condensed water. Scale bars in (b-g)
are 2cm.

to confirm that this evaporator can effectively remove the bacteria
in the polluted water and generate clean water.

The collection of the condensed water is quite crucial to the
solar-driven water evaporation as the ultimate target is to con-
vert the evaporated water vapor into liquid fresh water, where
good design of the collection device can greatly benefit the
evaporation.®® The collection device is made of a glass beaker
with a highly transparent quartz plate as the covering top to per-
mit solar light to penetrate and collect the condensed water on the
rooftop, as shown in Figure 5a. The quartz plate has a thickness of
1 mm to reduce the loss of the sunlight when passing through it.
What is more, the quartz plate is treated with the O-plasma on the
surface to make it more hydrophilic so the condensation of wa-
ter droplets on it will be easier. The hydrophilicity of the rooftop
has significant influences on the water condensation process, as
can be shown in Figure S8 (Supporting Information). The photo
of the acrylic plate with a contact angle of around 90.6° shows
much worse water condensation conditions with large droplets
while the hydrophilic quartz plate with a contact angle of around
5.5° delivered much better condensation results during the same
evaporation time. The saline water reservoir container and the
NCC-MnO,-LIG evaporator are placed inside the glass beaker un-
der the solar light illumination. The condensed water is guided
into a glass nozzle at the bottom of the glass beaker and then is
collected by a clean tube, as shown in Figure 5b,c. All the equip-
ment involved is sterilized and dried to eliminate the remaining
bacteria or contamination.
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We confirm the bacteria colonies in the raw seawater freshly
sampled from the seashore on campus. The raw seawater is
added to the agar plates for incubation without dilution, and
the colonies are shown in Figure S9a (Supporting Information).
Since the raw seawater can only deliver very few colonies, indi-
cating the concentration of bacteria in raw seawater is limited,
we choose Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus) as the testing species for more observable results. The E.
coli and S. aureus suspension is added into the seawater at the
concentration of 2% to form the simulated polluted saline. The
bacteria colony incubation test shows that the bacteria can live
and reproduce generally in the seawater environment, as con-
firmed by Figure S9b,c (Supporting Information) for the E. coli
and S. aureus, respectively. The simulated polluted saline is then
put under the solar simulator lamp for evaporation using the pro-
posed NCC-MnO,-LIG hydrogel evaporator. The collected con-
densed water after 8h of light illumination is put on the agar
plates for 18 h of incubation.

The simulated polluted saline without the evaporation proce-
dure delivers a significant number of colonies for both E. coli
and S. aureus, as shown in Figure 5d.f, respectively. However,
no colony is observed for either the E. coli or S. aureus from the
collected condensed water, which proves that the NCC-MnO,-
LIG hydrogel evaporator successfully removes the bacteria in the
polluted water, as shown in Figure 5e,g, respectively. This result
is at the same quality or better than the reference evaporators
which have 100 % or less anti-bacterial efficiency.>'>*! The anti-
bacterial tests prove that this solar-driven NCC-MnO,-LIG hydro-
gel evaporator can efficiently remove the contamination in the
polluted saline water and generate fresh and clean water.

3. Conclusion

In this work, we propose a cellulose-based hydrogel evaporator
doped with MnO, nanoparticles and coated with the LIG layers
as the solar light photothermal absorber for the solar-driven de-
salination based on evaporation to generate fresh and clean wa-
ter. The laser engineers the LIG layer to have a superhydropho-
bic and superhydrophilic wettability. We innovatively applied the
electrical impedance tomography technology to observe the be-
haviors of solutes before and near precipitation during the solar
evaporation process by a home-designed EIT device implanted in
the cellulose network hydrogel in real-time. Particularly notewor-
thy is the detailed graphic illustration of the invisible salt trans-
portation process and its feedback loop for guiding the design
using the laser-engineered superhydrophobic/superhydrophilic
LIG surface coating, as we confirm that the hydrophilicity of
the evaporator surface can significantly affect the salt crystalliza-
tion process. The safety of the condensed water evaporated by
our NCC-MnO,-LIG hydrogel evaporator is verified as it deliv-
ered absolutely no bacteria colony in the bacteria incubation test.
We hope this work could shed light on further research about
the anti-salt solar-driven desalination for people with water crises
around the world.

4. Experimental Section

Materials: The nano-crystal cellulose was from NanoFC, Zhongshan,
China. The MnO, nanoparticle is from Brofos Nano Technology, Ningbo,
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China. NaCl is from CLS, HKUST. The PI film (50 um thick) was from
Chenxi Electronics Technology, Dongguan, China.

Fabrication of Cellulose Hydrogel: The NCC precursor was sonicated
with an ultrasonic cell crusher (ATPIO, China) for 10 min with a sonica-
tion duty cycle of 33 %. Then the NCC precursor was mixed with MnO,
powder with mass concentration of 1wt% and was shaken intensely for
5 min and then sonicated for 10 min with duty cycle of 33 % to make sure
the NCC precursor and the MnO, powder were mixed sufficiently for a
homogeneous mixture. The NCC-MnO, mixture was poured into the 3D-
printed evaporation device mold and formed a flat and smooth surface
before being sent to the refrigerator for 2 h. The frozen samples and de-
vices were put into the freeze-dryer (LC-10N-50A) for 24 h of freeze-drying.
After that, the NCC-MnO, became the cellulose aerogel.

Preparation of the Solar Absorber:  After the freeze-dried NCC-MnO,
aerogel was prepared, the samples were taken out and let the bottom sur-
face touch the water for 15 min of relaxation to allow the aerogel to absorb
water naturally and became the NCC-MnO, hydrogel again. Then laser-
induced graphene (LIG) was deposited on the top of the moist NCC-MnO,
hydrogel with twice deposition.

Fabrication of Laser-Induced Graphene (LIG) Samples: A pulsed laser
marking machine with a working wavelength of 1064 nm was used as the
laser source. The laser parameters for the LIG induction applied with the
on-focus condition are listed here: scanning speed (280 mms™'), power
(9.6 W), filling line gap (10 pm), and repetition rate (100 kHz). Two pieces
of Pl film of the same size ware used and stuck on a hollow supporting
frame so the LIG could fall onto the top of the hydrogel sample without
introducing other contamination.

Fabrication of Superhydrophilic Area in LIG Samples: A second round
of laser scribing was applied on the superhydrophobic side of the laser
transfer-fabricated LIG layer under the on-focus condition using the listed
parameters here: scanning speed (1000 mms~'), power (3 W), filling line
gap (10 um), and repetition rate (20 kHz).

Evaporation Test with EIT Device: A 3D-printed container with raw sea-
water and simulated polluted seawater (raw seawater with bacteria sus-
pension of 2% added) was used as the saline reservoir for solar-driven
evaporation. The cellulose-MnO, was filled by a piece of water transport-
ing blotting paper with Tcm by 10 cm size to transport the bottom saline
water continuously. The evaporator was then put on top of the seawater
container under the solar simulator for evaporation and EIT monitoring.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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